Featured Application: This work finds application in Extreme Ultraviolet (EUV) lithography in general. More specifically, the results may impact the development of EUV optical components used in the related equipment.
Introduction

EUV-Induced Plasma and Its Relation to Photolithography
Photolithography is one of the key steps in the production process of semiconductor structures, i.e., computer chips, on the nanoscale. In these systems, a pattern on a so-called reticle is imaged in a repetitive way on each single microchip by an optical system, which decreases the image on a spatial scale by a factor of 4. To the end of fulfilling the ever-lasting drive for shrinking the dimensions of the features on such chips, the following two well-known equations for the system's resolution or critical dimension (CD):
and the depth of focus (DOF) DOF = ± k 2 λ (NA) 2 (2) are crucial [1] . In these equations, k 1 and k 2 are process dependent constants, λ is the wavelength of the light used, and NA = n sin α is the numerical aperture of the used lens with n and α the refractive index of the medium surrounding the lens and the acceptance angle of the lens, respectively. Decreasing the feature size on a chip requires increasing NA and/or conducting the photolithographic process at a smaller wavelength. In the past, the wavelength of the light used has been scaled down from 436 nm (g-line) to 365 nm (i-line) to 248 nm (KrF) to 193 nm (ArF). The most advanced deep Ultraviolet (DUV) machines that are currently in the field employ "immersion lithography"-introduced in 1987 [2]-where the lens is immersed in a medium with a higher refractive index (e.g., in water with n = 1.43). This has led to an increase of NA up to 1. 35 . The shift from the 22 nm to the 14 nm node was achieved with double patterning lithography based on 193 nm DUV systems [3] . Photolithography using Extreme Ultraviolet (EUV) photons with wavelengths of 13.5 nm (and energies of 92 eV) has been introduced with the eye on achieving significant cost reduction (per produced chip) and downscaling of the feature size even more [4] . Several types of EUV sources have been, or are, under development for the production of the high flux of needed EUV photons. Besides the relatively low power xenon-based EUV sources [5] , types of high power EUV sources include EUV sources that are based on laser produced plasmas (LPP) from tin droplets [6] [7] [8] and EUV sources that are based on laser-assisted discharge produced plasmas (DPP) in tin vapor [9] .
Lithography tools ideally operate under vacuum conditions since EUV photons are effectively absorbed by almost any medium. However, for technical reasons, modern lithographic tools using EUV light operate in 1-10 Pa hydrogen background gas [3] .
Inherently, everywhere, such photons travel through the background gas, neutral gas particles are photo-ionized, and plasma is created. These so-called EUV-induced plasmas are highly transient in time and they initially contain highly energetic electrons (76 eV) that thermalize on time scales of 100 ns-10 µm, depending on the system's conditions. Especially, in the early stages of the afterglow of such pulsed plasma, the highly energetic electrons may create additional plasma species due to consecutive electron impact ionization of gas neutrals, while ionic compounds are accelerated towards plasma-facing surfaces-EUV-induced plasmas interact with the machine by means of, for instance, initiating plasma-enhanced chemistry, ion bombardment of delicate plasma-exposed surfaces, and enabling contamination transport to positions in the machine where harm is most dominantly felt. It is not only to fulfill scientific curiosity with respect to this peculiar type of plasma, but also for its practical implications towards EUV lithography (EUVL) that research groups all over the world have started considerable research efforts.
The current article provides an overview of the existing knowledge regarding EUV-induced plasma characteristics, describes common as well as distinguishing features of such plasmas in comparison with other plasmas, and discusses its physical interaction with solid materials. This paper will also identify the gaps in the existing knowledge and will propose ways to bridge them.
This article is organized, as follows. Section 2 will focus on the bulk properties and the dynamics of EUV-induced plasmas, while Section 3 will elaborate on the mechanisms and implications of this plasma when contacting surfaces, such as EUV optical components. Finally, Section 4 identifies the upcoming research areas and proposes new research efforts to bridge knowledge gaps and to answer the most urgent questions.
EUV-Induced Plasma
Observation of a Peculiar Phenomenon: EUV-Induced Plasma
In 2006, researchers at the research department of world leader in photolithography systems ASML reported a peculiar phenomenon that would later be referred to as "EUV-induced plasma" [10] . A glow was created upon sending a pulsed beam of EUV photons through a low pressure (a few Pa) background gas (see Figure 1 ). Even by the naked eye, it could be observed that the created plasma-or more specifically the excited plasma species that radiate in the visible spectrum-was visually confined in space. Although the state of this matter (plasma) and its potential impact on the lithography tool was immediately recognized, the relevant mechanisms where far from understood and key parameters of this plasma where not known at all. As a reaction, several research groups around the world started to perform both experimental and numerical studies with the aim of unraveling this plasma's secrets. In this part, we elaborate first on the key parameters to be expected in EUV-induced plasmas in Section 2.2. With these parameters in mind, Sections 2.3 and 2.4, respectively, review the governing numerical and experimental research efforts that have been undertaken until today. Section 2.5 describes the principle mechanisms behind the plasma formation and subsequent plasma dynamics, while Section 2.6 summarizes the relevant scaling laws with respect to the plasma densities to be expected under scanner conditions. It should be noted that-although measurements have been conducted in other gases, such as argon as well [11] -only EUV-induced plasmas in H 2 background gas are discussed in detail in this work. The reason for this is that today's lithographic tools are operated while using low pressure H 2 gas [3]. 
Key Parameters of EUV-Induced Plasma
As can be observed in Figure 1 , plasma is created everywhere that the pulsed EUV light travels through and interacts with the background gas. The EUV photon flux decreases, while the beam travels through the tool, due to the absorption of these photons. The absorbed time-dependent intensity I abs (t) of the EUV light is governed by:
Here, I 0 (t) is the initial intensity of the EUV pulse, n gas is the initial neutral gas density, σ pi is the total photoionization cross section, and l abs is the length of the light path under investigation. Of course, σ pi depends on the type of gas and on the wavelength of the light used. In the current generation EUV scanners, a budget of 4% of transmission is reserved for losses due to absorption by gas molecules (from the intermediate focus (IF)-i.e., the interface between EUV source and scanner-to the wafer) [3]. This loss is directly related to the creation of plasma species through direct photoionization events creating fast electrons (i.e.,~77 eV in H 2 ). Secondary electron emission from EUV-irradiated surfaces is another possible source of energetic electrons. On their turn, these fast electrons may produce additional plasma species through electron-impact ionization events, and further lose energy through other inelastic processes (e.g., various excitations of H 2 molecules).
Where ion fluxes, ion energy distributions functions (IEDFs), and radicals describe to a large extent the interaction of plasma with plasma-facing surfaces (subject of Section 3), two quantities that are predominantly important in describing the "ecosystem" in the bulk of the pulsed plasma are the density and the temperature of the free electrons. Note that, although negative H − ions may be formed as well in hydrogen plasmas, it was derived by Astakhov et al. [12] -while using cross sections for dissociative electron attachment of highly vibrationally excited H 2 * (e.g., υ = 4) [13] and for direct excitation to such states [14] -that the densities of H − ions are negligible in the current case.
Electron Density
When considering Equation (3), one would expect an initial plasma density-primary due to photo-ionization by EUV photons-that varies over several orders of magnitude, depending on the local gas pressure, EUV power, EUV beam waist, and gas type. The highest plasma density can most likely be found in the foci, where the EUV light has the highest flux. Most of the laboratory experiments have utilized a xenon-based discharge produced plasma (DPP) source, operating at a typical frequency of 500 Hz, as a source of EUV radiation. For reference, typical laser produced plasma (LPP) sources in the field use repetition rates that are two orders higher, i.e., up to 50 kHz [7, 15] . Of course, as time after the EUV pulse passes, the plasma density may further increase due to consecutive electron impact ionization (dependent on the background gas pressure), followed by a decrease due to plasma expansion in the free space. Finally, plasma termination occurs at a surface in the vicinity of the plasma (typically on ms time scales for cylindrical measurement volumes of 10 cm in height and 10 cm in radius [16] ). Which of these processes is dominant depends on local conditions and the considered time scales. Overall, measurements of the plasma density-while using low power EUV sources-have demonstrated values up to 10 17 m −3 [17] .
Electron Temperature
The temperature of the plasma species is another important parameter when describing bulk plasmas. The temperature of neutral species may be assumed to be close to room temperature under circumstances that occur in EUV-induced plasmas for lithography applications. However, electrons have a much higher average energy than they would have at room temperature. Immediately after the first ionization events, the average electron energy equals 76.6 eV, i.e., the difference between the energy of the photons used (92 eV), and the ionization energy (15.4 eV for H 2 ). Most of the excess energy of the photoionization reactions is transferred to the electrons, since these have a much lower mass when compared to that of the ions and neutrals. Note that, under normal conditions, multilayer (MLM) mirrors and optical filters that are used in the system narrow down the spectrum of the source's EUV radiation closely around 13.5 nm. Therefore, the electron energy distribution function (EEDF) is highly non-Maxwellian just after the gas is irradiated. Typically, these electrons thermalize-again dependent on the experimental conditions-on time scales in the order of 1-100 µs [18] . Figure 2 shows computer simulations of the EEDF for an EUV-induced plasma at four different moments in time after the start of the EUV pulse. Here, the dashed lines-that represent Maxwellian EEDF's-indicate that at the time the EUV intensity is highest, i.e., 0.04 µs after the start of the pulse, the EEDF is far from Maxwellian shaped. When irradiation by EUV photons has vanished, i.e., 0.3 µs after the start of the pulse, electrons already significantly cooled down, and-even more importantly-their EEDF has become close to Maxwellian-shaped.
Finally, the initially produced ions have thermal energies that are close to room temperature. However, in the vicinity of solid surfaces, the plasma self-induces a space charge region-in traditional plasmas often named a plasma sheath-that creates a potential difference between the bulk plasma and the facing surface. Section 3 discusses the anisotropic acceleration of (positive) ions by the created electric field present in this space charge region and the diagnostics. Some ionic species, such as H + , show an energetic tail in their energy distribution function that can be correlated to their formation mechanism. Section 3 will also further discuss this. Particle-in-cell simulated electron energy distribution functions (EEDFs) in an EUV-induced plasma during the EUV pulse (purple curve, at t = 0.04 µs the EUV intensity has its maximum value), at the end of the EUV pulse (red curve) and at different moments in time after the EUV pulse (t = 0.4 µs and t = 1 µs are approximately 0.2 µs and 0.8 µs after the end of the EUV pulse, respectively). The colored dashed-lines represent Maxwellian EEDFs with a temperature corresponding to the calculated mean electron energy.
Recent Numerical Work on EUV-Induced Bulk Plasmas
The usual choices for modelling of EUV-induced plasmas are kinetic methods from the particle-in-cell (PIC) family [19] . The PIC method allows for accommodating an arbitrary shape of the energy distribution function against reasonable computational costs. To the authors' knowledge, the first PIC modelling of EUV-induced plasmas was performed by Wieggers, Goedheer and Louis [20] . These authors used one-dimensional (1D) particle-in-cell codes and estimated the damage to a multilayer mirror (MLM) due to physical sputtering. The comparison between numerical outputs and experiments, and validation was limited due to the 1D nature of the codes and the non-1D geometry of experimental systems.
The next steps included the development of an EUV-induced plasma tailored two-dimensional particle-in-cell code, which several experiments validated [21, 22] . These efforts enabled modeling plasmas induced by irradiation with one single pulse of EUV radiation. It was found that an accurate set of differential cross-sections was needed for the description of the ignition of such an EUV-induced plasma, since the models' results were very sensitive to the energy distribution between the two electrons that were produced after ionization [21] . This conclusion correlates with the work of Mokrov and Riser [23] , who found as well that differential cross-sections were crucial for an accurate description of ionization coefficients.
Although single pulse modelling matches reasonably well with experiments (see Figure 3 ) [21] , these models were not sufficiently developed to accurately describe the full situation under scanner conditions. This is because, typically, tin-based LPP sources in the field use repetition rates up to 50 kHz [7, 15] . According to these modeling efforts, the electron temperature in an EUV-induced plasma in low pressure H 2 gas decreases to 0.1 eV within a few µs after plasma initiation. Hence, for the enclosing chamber with characteristic dimensions mentioned before, the accumulation of plasma would occur at increased repetition rates. However, it is hardly possible to describe this situation with solely a PIC approach due to the very large simulation time that is needed. To that end, an attempt was recently made to estimate the accumulation effects via auxiliary diffusion simulations, in which all the complex effects are summed to an effective source term that was computed by a PIC code. The effects of EUV-induced plasma ignition in pre-existing plasmas were estimated by additional PIC simulations. This approach has shown reasonable agreement with experiments in the cases where plasma accumulation is large (e.g., >100 pulses are accumulated) [24] . Nevertheless, a better solution is needed, especially when simulating accumulation over fewer pulses (e.g., <10 pulses), since the injection of electrons into the plasma can increase fluxes of plasma-created species to the walls [25] .
Recent Experimental Work on EUV-Induced Bulk Plasmas
One of the most obvious ways to study light-emitting plasmas is by making photographs of it. This task is best performed using intensified charge-coupled device (iCCD) cameras, since the relevant time scales are short (ns-µs) and light emission levels are low. Figure 4 shows iCCD photographs visualizing the region where the EUV-induced plasma emits light in the UV and visible spectrum, together with time-resolved measurements of the total and wavelength-integrated intensity and the EUV-irradiation intensity. Fundamental processes in EUV-induced plasmas have been investigated by cleverly using the fact that EUV-induced plasmas radiate in the EUV and UV/visible range. At considerably higher pressures (close to atmospheric pressure) than expected in EUV lithography tools (a few Pa), Bartnik et al. [27] [28] [29] [30] used spectral measurements to study ionic states in EUV-induced plasmas in various gases, such as xenon, argon, neon, and helium. In photoionized plasmas in argon, they used laser interferometry to measure electron densities up to 10 24 m −3 . Saber et al. [31] used spectroscopic measurements in the ultraviolet/visible range to obtain local information regarding the temperature and density of electrons in EUV-induced plasmas in a mixture of Kr/Ne/H 2 gas. Values of 0.9 to 1.7 eV and 10 21 to 10 22 m −3 were found for the temperature and density of electrons in that research, respectively. Although these investigations provide valuable information with respect to understanding the fundamental behavior of photoionized gases, we remain close to the pressure range used in EUVL in the following of this manuscript (i.e., 1-10 Pa).
As mentioned before, plasma bulk dynamics are most dominantly described by the temperature (T e ) and density (n e ) of free electrons in this pressure range. From an experimental point of view, classical plasma diagnostics provide several ways to probe the presence of electrons. For instance, Thomson scattering [32] -based on the scattering of laser light by free electrons-enables the retrieval information about the energy and density of free electrons in plasma. However, this technique only delivers sufficient signal at electron densities of 10 17 m −3 and higher [32] , meaning that this technique is not suitable to probe electrons in EUV-induced plasmas under scanner-like conditions. Another technique that is commonly used for this purpose includes the utilization of traditional Langmuir probes from which the voltage-current characteristics provide information regarding n e and T e . Although this technique may be able to probe electrons in the here relevant density range, Van de Velden et al. [33] concluded that it was not feasible to apply probes to EUV-induced plasmas, with the main reason being that the photo-electric currents obscured the measurements of the I-V curves. Later, Astakhov et al. came to a similar conclusion by experimental work that was analyzed while using different probe theories and compared to numerical simulations [12, 22] .
From 2015 onwards, Microwave Cavity Resonance Spectroscopy (MCRS) has been applied and further developed as non-intrusive, accurate diagnostic to investigate the creation, dynamics, and decay of highly transient pulsed plasma environments under EUVL scanner conditions [11, 17, 18, 21, 26, 34, 35] . The diagnostic has provided experimental data to interpret plasma physical processes on the most fundamental level [16, 36] and to verify numerical models since its introduction [17, 21] . The basic principles behind MCRS are briefly summarized in the following of this section. The reader is referred to the literature referenced above for more details.
Microwave Cavity Resonance Spectroscopy (MCRS)
Brown and Rose first proposed the utilization of the interaction between microwaves and plasma to probe electrons [37] [38] [39] . Later, this principle has been used in many studies, for instance to the end of measuring the density of free electrons in low pressure radiofrequency driven gas discharges [40] . In concert with laser-induced photodetachment, MCRS has even appeared as a feasible diagnostic to measure the density of negative ions in for instance etching [41] [42] [43] and in powder forming plasmas [44] [45] [46] [47] [48] . Recently, MCRS has even been applied as an electron diagnostic in plasmas at atmospheric pressure [49] .
In MCRS-based diagnostics, the plasma under study is enclosed by a (cylindrical) resonant cavity. By sending in low power microwave radiation-for instance by means of an antenna through one of the side walls-a resonant mode might be excited at certain frequencies. These resonant frequencies are determined by I) the geometry of the plasma enclosing cavity (which is ideally fixed during experiment) and II) the permittivity ε of the medium inside the cavity volume. It is the change of ε due to the presence of free electrons in the cavity volume that is key to this diagnostic. Hence, by measuring the difference ∆ω = ω − ω 0 between the resonant frequency ω of a plasma-filled cavity and the resonant frequency ω 0 of an empty cavity, the density n e of free electrons can be computed from [11] :
where e and m e are the charge and mass of an electron, respectively, and ε 0 is the permittivity of vacuum. In practice, MCRS has been applied to EUV-induced plasmas by sending a pulsed EUV beam through a cavity that contained holes in its top and bottom cavity lids for this purpose (see Figure 5 ) [11, 17, 18, 34, 35, 50] . Microwave (MW) antennas that are inserted through the cavity wall are used to send in microwave radiation and to record the cavity's response (either in transmission or reflection mode). More experimental details can be found in the above referenced literature. It should be noted that the bar on n e in Equation (4) indicates that this value is cavity-volume averaged and is weighted with the squared electric field distribution E 2 ( → r ) of the resonant mode inside the cavity:
This means that electrons that were present in the cavity volume are probed to the highest extent at positions, where the used resonant mode has its maximum field strength (e.g., on the cavity's axis when the TM 010 mode (see Figure 6a ) is used and roughly at half the cavity's radius when the TM 110 mode (see Figure 6b ) is used). Despite the fact that MCRS is a strong diagnostic that has delivered valuable information and understanding regarding EUV-induced plasmas, its volume-averaged nature has always been considered to be disadvantageous, since local plasma physical effects could-in this configuration-not be resolved. However, recent developments have led to the introduction of multi-mode MCRS being able to resolve electron density profiles, not only temporally (~100 ns time resolution), but also spatially resolved (~100 µm spatial resolution) with a lower detection limit as low as n e = 10 12 m −3 [51] . This has been previously used to spatially resolve the center point and the cross-sectional intensity profile of a pulsed EUV beam (see a typical example in Figure 7 ) [52] . Figure 8 depicts the typical evolution of the density n e of free electrons in a resonant cavity that was obtained from MCRS measurements before, during, and after a low pressure (1-10 Pa) H 2 gas was irradiated with a pulse of EUV radiation [17] . n e is locally weighted with the square of the (microwave) electric field and volume averaged. n e is plotted in normalized values, since absolute values strongly vary with experimental parameters, such as gas pressure, pulse energy, and gas type. Absolute values that are below 10 17 m −3 are typical densities expected for these kinds of plasma. Phenomenologically, the basic plasma processes can be split up into three different consecutive phases in time (see Figure 8 ). In Phase I, n e strongly increases upon irradiating the gas with EUV photons. In Phase II, there is no EUV-irradiation and n e decreases at a rate that is faster than exponential. In the last phase-Phase III-an exponential decay rate of the plasma sets in. Below, Phases I-III will briefly be discussed in consecutive order. (6)), dissociative photoionization (Equation (7)), and double photoionization (Equation (8)).
Dynamics of EUV-Induced Plasmas
The cross sections for the reactions in Equations (6)-(8) are given in Figure 9 as a function of the photon energy in the range 20-120 eV. At photon energies of 92 eV (i.e., 13.5 nm), which is relevant for EUVL, contributions from single photoionization (roughly 80%) mainly dominate the total photoionization cross section σ pi = 6.5 × 10 −24 m 2 . In general, the photon energy in lithography systems considerably exceeds the ionization energy of the used gas; e.g., 15.4 eV for the transition from the ground state of hydrogen (H 2 , X 1 Σ + g ) to the stable ionic ground state (H + 2 , 1sσ s ). This excess energy is mainly transferred to the ejected electron, which then has an energy of 76.6 eV, while the created H + 2 ion remains relatively 'cold' at room temperature. Equation (7) shows that H + ions are created through dissociation of an electronically excited H 2 +* state with an atomic H radical as a second reaction product. The excess energy of this reaction is evenly distributed over the ionic and radical compounds since the ion and radical have similar masses (each about 8 eV [56] ).
The same principle accounts for Equation (8), where H 2 2+ is highly unstable by definition. Upon dissociation of this compound, 18.8 eV is evenly distributed over the two resulting H + ions [57] .
Overall, due to photoionization events, during EUV-irradiation, initial plasma is created that also contains H + and H 2 + and radicals, besides electrons (both fast and slow). Additionally, on small time scales (~200 ns) H 2 + and H 2 may react as [58] :
to form H 3 + ions. Whereas, H 3 + has been recognized as the dominant ion in radiation-induced plasmas in H 2 background gas in outer-space, recent research has shown that this ion is also dominant under lithography scanner conditions on time scales longer than a few 100 ns after irradiation [59] .
Electron Impact Ionization
As mentioned earlier, the free electrons have an energy up to 76.6 eV after the first ionization events have occurred, depending of the production process. Upon collision, these electrons may ionize the H 2 background gas even further by electron impact ionization. Comparable to photoionization (Equations (6)-(8)), the three electron impact ionization processes playing a role in hydrogen are single ionization (see Equation (10)), dissociative ionization (see Equation (11)), and double ionization (Equation (12)).
From a plasma dynamic point of view, the electrons dominate this phase, since the inertia of the much heavier ions prevents them from moving over distances that are comparable to that of the free electrons on these short time scales. The presence of a surface in contact with plasma leads to the creation of space charge regions, which are-via the Poisson equation-accompanied by strong electric fields [60] . Directly after the creation of EUV-induced plasmas (i.e., in this phase), the process towards the creation of this space charge is twofold. First, a part of the fast and highly mobile photo-electrons escape towards nearby walls [11] . The resulting charge imbalance and the associated potential well traps the remaining electrons. During this phase, the plasma potential as compared to the plasma facing surfaces can be over 50 V [21, 61] .
Phase II: Strong Decrease of n e
In Phase II, there is no irradiation of the volume with EUV photons, i.e., there is no external energy source. However, the energetic electrons that were generated in the previous phase can still contribute to ionization, for instance by means of electron-impact ionization. Furthermore, in this second phase, the plasma expands towards the walls of the measurement volume and the detected (E 2 -weighted and volume-averaged) n e decreases at a rate that is faster than exponential in time due to the loss of fast electrons and their non-Maxwellian energy distribution. Overall, the ion and electron clouds expand hand-in-hand. With an eye on the MCRS diagnostic, the free electrons dynamically redistribute over the cavity volume, and hence the spatial weighting of the electron density distribution in Equation (5) alters. The time scale on which the ions start to be dragged along with the expanding electron cloud coincides with the inverse of the ion plasma frequency ω pi .
and it is typically in the order of 20-100 ns, depending on initial ion density n i and mass m i of the relevant ions. During this phase, the temperature of the electrons significantly decreases due to inelastic collisions. As a result, the plasma potential and electric fields towards the cavity's walls also decrease.
Phase III: Exponential Decay of n e
At the start of this phase, the plasma (including the plasma ions) has expanded, such that it fills up the whole cavity volume. At moderately high pressures (above 3 Pa [18] ), the main loss mechanism of plasma species is ambipolar diffusion, followed by recombination of electrons and ions at the wall. Note that, when compared to this process, three-body recombination in the volume is negligible [11] , at least for EUVL relevant pressures and parameter space. The exponential decay in Phase III can be fitted with an ambipolar diffusion model since the shape of the spatial n e distribution remains more or less unchanged (only absolute values change) [18] . From such fit, besides n e , also values for T e can be retrieved. It was shown that in this phase and, at pressures above 3 Pa, the electrons have cooled down to room temperature while using EUV pulse energies of (53 ± 3) µJ [18] . In the same work, it was also shown that the electrons have left the cavity volume before ions and electrons have even gotten the chance to diffuse jointly in outwards direction for pressures lower than 3 Pa. It was observed that T e remained larger than room temperature, for these low pressures, i.e., up to 0.1 eV for pressures down to 1 Pa.
Scaling Laws
Most of the reported experiments have been conducted in conditions that, in one way or another, deviate from the conditions that are expected in current and future EUVL tools. However, from both experiments and numerical work, the scaling laws with respect to several parameters, such as EUV spectrum, gas pressure, pulse energy, repetition rate, and gas type, can be derived and are as follows.
•
Influence of EUV spectrum
The spectrum of the light that is used to irradiate the system under investigation is of utmost importance. Where during normal operation the normal-incidence multi-layer mirrors in the lithography tool inherently narrow down the spectrum to a range that closely centered around 13.5 nm, experiments have also been conducted for wider spectral ranges. For instance, it was shown by the MCRS experiments that the density of an EUV-induced plasma in 10 −4 mbar residual background gas keeps increasing significantly, even after the main in-band EUV radiation has fully vanished in the absence of a spectral purity filter (SPF) [51] . This effect was explained by out-of-band radiation that was emitted by the EUV source later in time. The fact that the contribution of out-of-band radiation to the total emission of the EUV source is relatively low, is more than compensated by the higher total ionization cross section at lower photon energies. For instance, the total ionization cross section of 2.5 × 10 −21 m 2 is almost one order higher than the value of 2.5 × 10 −22 m 2 at 92 eV for N 2 molecules (making up~80% of the molecules) that are just above the ionization threshold (15.6 eV) [62] . An extensive study regarding the influence of the EUV spectrum on the creation of EUV-induced plasmas in hydrogen was published in Ref. [35] . In that publication, both the used spectral purity filter (no-filter, normal SPF, and aluminum filter) and source type (Xe-based EUV source versus Sn-based EUV source) demonstrated a significant effect on the plasma formation.
•
Gas pressure scaling
Within the experimental range investigated [17] , it has been demonstrated that the maximum obtained density of the bulk plasma scales quadratically with the pressure of the background gas. As mentioned before, the initial electrons are created by photoionization. From Equations (6)- (8) , it can be understood that this process linearly scales with the H 2 density, i.e., pressure. These initial electrons can subsequently ionize H 2 by electron impact ionization, which scales with the electron density (linearly dependent on pressure) and the gas pressure (see Equations (10)- (12) ). Hence, the electron density that was caused by electron impact ionization quadratically scales with pressure. This means that the pressure dependence of the total electron density has both a linear and a quadratic term, which only holds for the maximum obtained electron density in the investigated range. The electrons that were created by photoionization are only able to cause three electron impact ionization events due to the limited amount of energy (76 eV) and the lack of electron heating mechanisms. This means that the quadratic scaling will not hold for higher pressures or long time scales, since no more additional electrons will be created after a few collisions (the electrons have cooled down too much). In this regime, the density scales linearly with pressure, since every photoionization event creates in the end (via electron impact ionization) four electrons.
Pulse energy scaling
It has been demonstrated that the maximum reached bulk plasma density just after the gas is irradiated with EUV photons is in the order of~10 15 m −3 within the experimental range investigated [16, 17, 34] . This density scales linearly with pulse energy.
•
Source repetition rate scaling
Most of the experiments up to now have been conducted while using an EUV source with a relatively low repetition rate of 500 Hz. However, nowadays EUV scanners operate together with LPP sources at a repetition rate of up to 50 kHz [7, 15] . Upscaling the repetition rate alters EUV-induced plasma dynamics significantly, as was already demonstrated in Ref. [16] . At 500 Hz repetition rate, the plasma that was created with a certain pulse of EUV photons has fully vanished at the moment the next pulse of EUV photons is applied. Experiments using a tin-based EUV source at repetition rates of 1, 5, and 10 kHz, however, show that more background plasma remains between two consecutive pulses of irradiation, at higher repetition rates [16] . This effect will also occur at higher pressures, as higher pressures slow down the plasma decay. In the end, the build-up of the plasma background depends on the balance between the plasma decay time (as determined by pressure and geometry) and the source repetition rate.
Different gases EUV-induced plasmas have been investigated in several different gases (e.g., Ar, He, H 2 , residual air). Of main importance in the governing plasma dynamics are the (photo-and electron-impact) ionization cross sections, which impact the maximum plasma density, the ion mass of the specific gas, which impacts the rate of plasma expansion and decay and the possibility to excite specific molecular and/or atomic energy levels. Very recently, EUV-induced plasmas in N 2 -diluted H 2 gas have been studied [63] . From that study, it was concluded that the addition of even a small amount of N 2 (in the order of 0.1%) to H 2 resulted in a significant alteration of the ionic balance of the system and a rich chemistry producing NH-containing ions.
Bulk Materials Facing EUV Photon Induced Plasma
Current DUV lithography tools use refractive optics (i.e., lenses) for imaging. However, imaging in EUV lithography (EUVL) tools is achieved by using multilayer Bragg reflective mirrors (MLMs) since EUV radiation would be fully absorbed by these lenses. These mirrors have forty or more bilayers of molybdenum (Mo) and silicon (Si) [3] . As extensively discussed in the previous section, the presence of a low pressure (1-10 Pa) background gas results in the creation of EUV-induced plasma that is directly adjacent to these mirrors [10, 34, 64] . The interaction with this plasma can have both beneficial and negative effects on the (long term) mirrors' surface conditions. In this section, we first review the observations of plasma-induced surface processes. Subsequently, the relevant particle fluxes towards plasma facing surfaces are discussed with a focus on plasmas in H 2 . Finally, the studies that attempted to identify the processes that dominantly impact the surface conditions are reviewed.
Observation of Cleaning and Degradation of Exposed Surfaces
Under certain conditions Mo/Si multilayers can suffer from carbon (C) deposition or silicon oxidation, as has been shown in the multiple studies using synchrotrons and vacuum UV spectrometers [65] [66] [67] [68] [69] [70] . In EUVL, carbon growth is related to the presence of a monolayer of physisorbed (from the volume) hydrocarbon molecules on all of the surfaces. These hydrocarbon molecules are partly dissociated during EUV exposure by direct photon absorption and/or secondary electrons that are emitted from the surface [65, 66, 71] . The radicals that are created during this process, react with the mirror's surface, which leads to a fast build-up of carbon. The relevance of this case for EUVL is due to the relative reflectance loss ∆R/R due to either carbon contamination or additional oxygen presence during oxidation.
Carbon contamination can successfully be removed by remote plasma cleaning [72] and atomic hydrogen etching [73] . Furthermore, reactive ion etching by surface-facing EUV-induced plasmas in hydrogen has also appeared to be capable of cleaning carbon contamination [64] . On the other hand, oxidation of the silicon layers is permanent. The first step in the reaction mechanism for oxidation of silicon is similar to that initiating carbon deposition, but with adsorbed water instead of hydrocarbons. Irradiation with photons, electrons, or ions causes water molecules to dissociate into atomic oxygen and hydrogen. In ref [67] , it was suggested that these atoms diffuse into the silicon layers, where the oxygen reacts with silicon to form silicon-oxide (SiO 2 ). The introduction of oxidation-resistant capping layers (often Ru) has improved the oxidation resistance [74, 75] . Another advantage of the use of a Ru capping layer is that Ru-oxidation can be reduced by atomic hydrogen [76] .
Silicon oxidation and carbon deposition are primarily driven by EUV radiation and the adsorbed species and are-in that respect-not caused by the presence of EUV-induced plasma directly. Hence, these processes fall outside the scope of this review. In this distinction, other non-plasma related processes, such as heating due to EUV-irradiation, are also omitted.
An effect in EUVL that does seem to be driven by EUV-induced plasmas is blister formation on multilayer mirrors caused by delamination of the upper layers [77, 78] . This delamination has been attributed to bombardment of the MLM with high energy hydrogen ions. In the following sections, the focus will be on the currently available knowledge regarding carbon removal and blister formation by EUV-induced plasmas. These plasma-surface interactions are driven by fluxes of atomic and ionic hydrogen. In this view, first, the mechanisms that determine these fluxes are discussed in Section 3.2. Finally, Section 3.3 highlights the interaction of these species with EUVL relevant surfaces.
Ionic Particle Fluxes
Particle densities and velocities towards nearby walls determine particle fluxes. Atomic hydrogen radicals have no charge and therefore plasma-induced electromagnetic fields do not influence their trajectories meaning that their flux is being determined by diffusion. Ionic species, on the other hand, are charged and are therefore accelerated by the electric fields created due to the potential difference between the bulk plasma and the surface (see previous sections). The distribution of the impact energy of these ions is determined by the electron energy distribution function (EEDF) of the EUV-induced plasma to a large extent. In EUVL, the EEDF might be significantly altered by secondary electron emission from EUV irradiated surfaces, and therefore this secondary electron emission also affects the energies and fluxes of ions towards relevant surfaces [10, 21, 61, 79] . Metals emit electrons when they are illuminated with electromagnetic radiation with photon energies above the work function W. Of these electrons, only a small part is emitted as primary electrons straight from the surface and have energy E prim = hυ − W. However, the absorption length for EUV photons in metals is much larger than the electron mean free path in the same material. Primary electrons that are not created on the surface, but deeper in the material, undergo many scattering events before they reach the surface. This also leads to the emission of low energy (1-2 eV) secondary-electrons from the surface [80] . This effect results in a significantly lower average electron energy than one would expect solely based on the difference between the photon energy and the material's work function.
The research on the impact of secondary electron emission on EUV-induced plasma properties is limited to numerical work. Early simulations [10] on EUV-induced plasmas in 1 Pa argon show that secondary electrons lower the mean electron energy by approximately 10 eV between 50-200 ns after the EUV pulse. After 400 ns following the EUV pulse, there is no difference in charged particles density distributions, plasma potential, and average ion impact energy between simulations with and without the inclusion of secondary electrons. Recent simulations [21] in 5 Pa hydrogen yield similar observations: after 600 ns after EUV-irradiation, the influence of secondary electrons is negligible. However, the impact in the first 400 ns was larger with a 2/3 reduction in the potential when compared to the situation without the inclusion of secondary electrons. The reason for the different impact of secondary electrons on EUV-induced plasmas in argon and in hydrogen is the fact that the plasma is much denser in argon due to the larger photoionization cross section. Therefore, the relative contribution of the secondary electrons is much smaller. Experimental work on the particle fluxes in EUV-induced plasmas has been scarce due to the limited availability of high power EUV sources. A decade ago, initial attempts to experimentally characterize the EUV-induced plasma in argon with Langmuir probes were unsuccessful [33] . The photo-electric currents that obscure the measurement of the I-V curve were the main reason for this. Later attempts showed that Langmuir probe measurements are feasible, starting from 1 µs after the EUV pulse [65, 81] . Photo-electric currents still hinder probe measurements during the EUV pulse. Recently, temporally resolved retarding field energy analyzer (RFEA) measurements of ion fluxes in hydrogen plasma were published [82] . The investigated pressure range was 10-100 Pa. Similar to previous work [33] , the measurements were troubled by EUV-irradiation during the first 1.5 µs. The measured ion energies peaked at bias potential, which is evidence for a collisionless space-charge region (often named the sheath region) that separates the plasma bulk from the plasma-facing surfaces. The thickness s of this sheath was estimated while using the Child-Langmuir law [60] . At 10 Pa, s increases from 0.45 cm to 0.7 cm between 1.5 µs to 6 µs after irradiation of the gas with EUV photons. This means that the sheath needs to be considered more and more collisional, due to the increasing thickness. The same effect of increasing collisionality was found for increasing pressure.
Ion species resolved ion energy distributions towards a grounded surface have been measured while using an ion mass spectrometer [59] (See Figure 10) [59] . Nevertheless, experimental data remains scarce and no data is available during, and shortly after, the EUV pulse, when the ion fluxes are expected to be large and ion energies to be high. The numerical models that have been extensively validated [21, 81] have been able to contribute to the study of temporally resolved ion fluxes during the EUV pulse, but until now no such results have been published. 
Identification of Reaction Mechanisms
This section discusses the characterization of the mechanisms that are involved in carbon removal and multilayer delamination. The approach differs for the two phenomena, because of the different relevant time scales on which they occur.
Carbon Removal
The reduction of carbon layers in a hydrogen atmosphere or hydrogen plasma has been extensively studied [64, 73, [83] [84] [85] [86] [87] [88] [89] . The applications range from plasma processing [83] [84] [85] , to cleaning in EUV related applications [64, 84, 87, 90, 91] , and to nuclear fusion, where carbon is a plasma facing material candidate [85, 86, 88] .
Carbon etching mechanisms depend on the involved particles. For example, Hydrogen atoms impact surfaces and react with the carbon surface, forming volatile hydrocarbons [73, 92] . This process is especially sensitive with respect to the radical and surface temperatures [83, 92] . Bombardment with hydrogen ions at moderate energies (<60 eV) results in synergetic chemical and physical etching. Initially, incident ions damage the surface, creating dangling bond sites that are available for hydrogenation. These sites can be passivated by additional ions, which leads to (volatile) hydrocarbon formation. Molecular ions below 60 eV are not dissociated when undergoing C-C bond breaking [88] . Measured sputtering yields are about 0.01 C/ion between 10-60 eV/atom [86, 88] .
Although the separate radicals and ions are capable of etching, the etch rate is significantly increased when both of the species are present. Combined erosion by low-energy ions and additional atomic hydrogen is described by Hopf's model [84] , which has been extended for H + impact [86] . Again, the ions break C-C bonds, passivated by the atomic hydrogen instantaneously. This process is known as reactive ion etching.
Carbon removal by EUV-induced plasmas has been numerically and experimentally investigated [12, 91] [64, 91] . The carbon samples were negatively biased from 0-200 V in both of the studies. Experimentally, no etching was measured at a grounded sample in 3 Pa H 2 while using a photon fluence of 5 × 10 19 cm −2 [64] . This agrees with the experimental ion energy distributions that were measured in [59] (<8 eV) and the threshold of 10 eV. By increasing the bias voltage, and thereby the ion impact energy, yields between 0.1 C/ion and 1 C/ion were found. The difference with the ion sputtering rates that are mentioned before are attributed to the increased sputtering yields in reactive ion etching.
EUV-irradiation of the surface generates activated carbon (up to 4% of the surface carbon atoms), which is able to react with H 2 molecules, and hence increases the sputter yield. The reproducibility [91] of the experiment yielded slightly higher sputter rates, peaking at 1.9 C/ion at a −200V sample bias. No evidence was found for the increase in sputter yield due to EUV-irradiation of the surface, but the margin of error was such that it could not be excluded.
Multilayer Delamination
Long duration exposure tests to study multilayer optics lifetime in EUV lithography are not realistically feasible, as the lifetime target is 30,000 h [93] . Therefore, adequately predicting delamination requires a thorough understanding of the interaction mechanisms between EUV-induced plasmas and those surfaces exposed. Thus far, delamination studies have been focusing on ion-surface interactions where ion fluxes were generated while using alternative sources, like thermal gas crackers [94, 95] or an ion gun [96] .
Delamination in Mo/Si multilayer samples due to ion irradiation has been experimentally confirmed using moderate energy (50-200 eV) [96, 97] and energetic (>800 eV) hydrogen ions [95, 98] . E.g., deuterium ions have been shown to be capable of having an eroding effect on both Mo and Si layer of EUV lithography relevant optical materials [94] . Multilayer delamination has been shown, even under low ion flux conditions, if the exposure time and thus the total ion fluence was sufficient [99] . Some of these studies [77, [94] [95] [96] 99] relate their work to mirror degradation in EUV lithography by suggesting that the used ion sources serve as a proxy for the ion fluxes that are created by an EUV-induced plasma. This approach is valid for the first few microseconds after the EUV pulse, in a collisionless regime and while using biased surfaces [82] . However, this approach is not fully valid for longer time scales due to the increasing sheath thickness and the resulting transit to a collisional regime. Increased pressures (i.e., up to 100 Pa) appear to have the same effect. Furthermore, the IEDF towards grounded or floating walls consists of large fractions of low energy (<10 eV) ions [59] . Therefore, the validity of the used ion sources as a proxy for EUV-induced plasmas strongly depends on the targeted experimental conditions. For now, the investigation of the influence of ion fluxes on EUV lithography relevant optics materials has been limited to equivalence studies for collisionless sheath conditions the near biased surfaces.
Discussion, Conclusions, and Outlook
EUV-induced plasma is a highly-transient and peculiar type of plasma with significant impact on EUVL equipment and processes, as may have become clear from this contribution. Although numerical and experimental research campaigns have enlightened several of this plasma's secrets, several aspects of it remain unexplored. Below, we define some of the most urgent research areas as being interesting from both a fundamental and EUVL application point of view. Note that new research project in some of these directions have already been recently initiated by the authors.
•
Radical production
With regards to bulk plasma and from an experimental point of view, electrons and ions have already been characterized. However, in the full picture the characterization of radicals (e.g., atomic H) is lacking, despite their potential impact on cleaning and lifetime issues. More knowledge with respect to radical production could be gained through plasma-chemical (numerical) models and experiments utilizing techniques, such as UV absorption or Two-photon Absorption Laser Induced Fluorescence (TALIF).
•
Gas admixtures (e.g., N 2 )
Up to now, most of the studies have only been performed in hydrogen (or argon only or helium only). However, the addition of small amounts of other gases can have an important influence on the composition of the EUV-induced plasma and it might significantly alter plasma chemistry and plasma physical processes, and hence representing real scanner conditions more accurately [62] . Although the first explorative study on N 2 -dilution of EUV-induced plasmas in H 2 has recently been published [63] , there remains a strong demand from industry to understand the effect of other gases/vapors (e.g., H 2 O, O 2 , and N 2 ) on the whole model of EUV-induced plasma dynamics.
Interaction with nano-to micrometer sized particles Although EUV-induced plasma dynamics and the impact thereof are much better understood than 10 years ago, the interaction of nano-to micrometer sized particles with the complex atmosphere of an EUV lithography tool (including plasma, electric fields, energetic photons, etc.) is a blank spot that should be enlightened. The reason for the importance of plasma-particle interaction is the fact that bulk plasma normally has higher potential when compared to its surroundings [60] . This, in combination with the ability of plasma to deliver high surface charges to the particles [100] , gives rise to concerns regarding particle transport from the location where the particles are released to basically every other location in the tool where the particles may harm. Whereas, in normal low pressure plasmas, the charge on micrometer-sized particles is permanently negative and it ranges in magnitude from a few 1000 times the elementary charge in the space charge regions at the plasma's border [48, 101, 102] up to a few 10 5 times the elementary charge in the plasma bulk [100] , the charge on particles under EUVL tool conditions may significantly vary and may even become positive for certain fractions of the time. It is especially the transient behavior of the kind of plasmas occurring in EUVL tools and the presence of ionizing radiation that can have considerable influence on the dynamic particle charging from both a temporal [103] and a spatial [104] point of view. We expect in the coming decade enhanced research efforts in the field of Complex Ionized Media (CIM) with nano-contamination control becoming more dominantly important for EUVL and with (EUV-induced) plasma being a strong candidate with respect to achieving cleanliness targets, i.e., the field studying the interaction between nano-contaminants and ionized media.
With respect to the interaction of EUV-induced plasma with plasma-facing materials, in general, the understanding does not extend much beyond what is known from classic (discharge) plasma physics. Processes that affect the evolution of space charge regions and the formation of a sheath are theorized, but the limited available experimental work cannot support all of the claims made. Especially, the first 100 ns to 1 µs of the ion flux evolution (after the gas is irradiated with a pulsed beam of EUV photons) have not been experimentally explored. This troubles predictions regarding the lifetime of optical components, because full duration lifetime tests are not feasible. Beyond these issues that have been under investigation, scaling laws for EUV-induced plasma material interaction with respect to applied pulse energy, repetition rate, and gas pressure/type are not explored yet. Especially, the buildup of a steady state background plasma at high repetition rates may significantly impact the ion fluence towards walls.
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